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(57) ABSTRACT 

A stepper motor controller and method for controlling the 
motion of a stepper motor by selectively energizing the 
motor’s Windings so that the current level in the Windings 
match a desired current pro?le. The motor controller com 

prises a master logic device, preferably a microprocessor or 
microcontroller, Which is programmed With logic for issuing 
control signals corresponding to the sequence With Which 
the Windings of the stepper motor are energized and the 
desired current pro?le. A portion of the control signals are 
received by a slaved logic device, Which is programmed 
With logic for generating ramp command signals corre 
sponding to the desired current pro?le. The slaved logic 
device produces a ramp command signal that is received by 
a digital potentiometer, Which preferably includes an 
up/doWn counter. The output signal produced by the digital 
potentiometer corresponds to a current count value of the 
up/doWn counter, and it is controlled by the ramp command 
signals. By controlling the digital potentiometer With the 
ramp command signals, a current command signal is pro 
duced corresponding to the desired current pro?le and 
having a range betWeen loW and high reference voltages. 
This current command signal is provided to a stepper motor 
drive circuit, Which controls the current levels in the stepper 
motor Windings so that they correspond to the desired 
current pro?le and are phased according to required 
sequence. 

31 Claims, 13 Drawing Sheets 
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USE OF DIGITAL CURRENT RAMPING TO 
REDUCE AUDIBLE NOISE IN STEPPER 

MOTOR 

FIELD OF THE INVENTION 

This invention generally relates to a power source for a 
stepper motor, and more speci?cally, to a stepper motor 
having a poWer source that is digitally controlled to limit a 
slope of the poWer signal applied to the stepper motor. 

BACKGROUND OF THE INVENTION 

Stepper motors are Well knoWn in the art and are used in 
a Wide variety of devices, including printers, disk drives, and 
other devices requiring precise positioning of an element. 
Stepper motors provide many advantages over other types of 
motors, most notably the ability to rotate through controlled 
angles of rotation, called steps, based on command pulses 
from a driver circuit. The accuracy of the stepped motion 
produced by a stepper motor is generally very good, since 
there is not a cumulative error from one step to another. The 
ability to incrementally rotate a shaft through a de?ned 
number of ?xed steps enables stepper motors to be used With 
open-loop control schemes (i.e., applications in Which a 
position feedback device such as an optical encoder or 
resolver is unnecessary), thereby simplifying the motion 
control system and reducing costs. 

The speed of stepping motors can be readily controlled 
based on the pulse frequency employed, enabling stepping 
motors to achieve variable speed synchronous movement of 
a load that is directly coupled to the drive shaft of the motor. 
Furthermore, stepper motors are reliable, since they do not 
include contact brushes that can Wear out. Typically, the only 
parts in a stepper motor susceptible to Wear are the motor 
bearings. 

Stepper motors generally have tWo phases, but three, four 
and ?ve-phase motors also exist. FIG. 1 shoWs a typical 
tWo-phase motor, comprising a stator A and a stator B, each 
of Which produce a magnetic ?ux With opposite poles at end 
faces 300 When a respective phase AWinding 302 and phase 
B Winding 304 are energiZed With an electric current. The 
direction of the magnetic ?ux is determinable by applying 
the “right-hand rule.” In FIG. 1, a current I B ?oWs through 
the phase B Windings, creating a magnetic ?ux in stator B, 
as indicated by the directions of the arroWs. This ?ux 
produces a torque applied to the rotor, causing the rotor to 
turn so that the magnetic ?eld produced by the poles in the 
rotor are aligned With the magnetic ?eld produced by stators 
A and B. In this case, the rotor Will rotate clockWise so that 
its south pole aligns With the north pole of stator B at a 
position 2, and its north pole aligns With the south pole of 
stator B at a position 6. To continually rotate the rotor, 
current is applied to the phase A and phase B Windings in a 
predetermined sequence, producing a rotating magnetic ?ux 
?eld. 

Stepper motors are typically positioned by a sequence of 
command pulses that are received by a drive circuit portion 
of a stepper motor driver, Which produces outputs signals to 
drive the stator Windings (i.e., “coils” in the motor). This 
sequence of command pulses corresponds to one of the four 
drive modes that are typically used to move and position 
stepper motors, including the Wave drive (one phase on), 
full-step drive (tWo phases on), half-step drive (one and tWo 
phases on), and microstepping (continuously varying phase 
currents). The folloWing discussion of these various drive 
modes are made With reference to FIGS. 2A—2B and 3A—3B. 

FIG. 3A shoWs a typical six-Wire unipolar drive circuit. In 
order to drive a unipolar stepper motor, it is necessary to 
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2 
energiZe the Windings of the motor in a predetermined 
sequence. This procedure can be accomplished through the 
use of four sWitches 50, 52, 54, and 56 (e.g., Darlington pair 
sWitches or ?eld-effect transistors), each of Which is con 
nected to ground at one terminal, and connected to a 
respective Winding at the other terminal. A positive supply 
voltage is provided at common or center taps 58 and 60. 
Current can be caused to How through Windings correspond 
ing to motor phases A, A, B, and B by respectively closing 
sWitches 50, 52, 54, and 56, each of Which provides a path 
to ground through their corresponding Winding. When cur 
rent ?oWs through the Windings, a magnetic ?eld is gener 
ated in accord With the right-hand rule, as discussed above, 
Which causes the motor rotor to rotate so that it is aligned 
With the magnetic ?elds generated by stators A and B. 

A someWhat more complex scheme is used for driving a 
bipolar motor. As shoWn in FIG. 3B, a typical bipolar drive 
circuit comprises a pair of H-bridge circuits, one for each 
Winding. Each of the H-bridge circuits comprises four 
sWitches 62, 64, 66, and 68. The branches at the top of the 
bridges are connected to a positive supply voltage, While the 
branches at the bottom of the bridges are connected to 
ground. By selectively closing the H-bridge sWitches, cur 
rent can be caused to How through Windings 70 and 72 in a 
desired direction, thereby producing motor phases A, A, B, 
and B. For example, to produce a current How in Winding 70 
from right to left (i.e., motor phase A), sWitches 64 and 66 
are closed, While sWitches 62 and 68 are kept open. 

In a Wave drive for a stepper motor, only one Winding is 
energiZed at any given time. The Windings on the stators are 
energiZed according to the sequence AQB—>A—>B, causing 
the rotor to step through positions 8%2Q4Q6. For unipolar 
and bipolar Wound motors With the same Winding 
parameters, this excitation mode Will result in the same 
mechanical position of the rotor. The disadvantage of this 
drive mode is that in a unipolar Wound motor, only 25% of 
the total motor Winding is energiZed at any given time, and 
in a bipolar motor, only 50% of the total motor Winding is 
used. Thus, the maximum potential torque output of the 
motor is not realiZed. 

In a full-step drive for a stepper motor, tWo phases are 
energiZed at any given time. The Windings on the stators are 
energiZed according to the sequence ABQABQA BQAB, 
causing the rotor to step through positions 1Q3Q5—>7. 
When using the full-step mode, the angular movement Will 
be the same as Was discussed above for a Wave drive, but the 
mechanical position is offset by one-half step. The torque 
output of a unipolar Wound motor When using full-stepping 
is loWer than for a bipolar motor (i.e., for motors With the 
same Winding parameters), since the unipolar motor uses 
only 50% of the available Winding, While the bipolar motor 
uses the entire Winding. 

The half-step drive mode combines both Wave and full 
step (one and tWo phases on) drive modes. As shoWn in 
TABLE 1 (beloW), the number of phases that are energiZed 
alternates betWeen one and tWo phases during every other 
step. The Windings on the stators are energiZed according to 
the sequence ABQBQABQAQA BQBQABQA, caus 
ing the rotor to step through positions 
1Q2Q3Q4—>5—>6Q7Q8. This procedure results in angu 
lar movements that are half of those discussed above for 
Wave and full-step drive modes. Half-stepping can reduce a 
phenomena referred to as resonance, Which sometimes 
occurs When using the Wave or full-step drive modes at 
certain step rates. 
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TABLE 1 

Normal Full-Step 
Wave Drive Drive Half-step Drive 

Phase 1 2 3 4 1 2 3 4 1 2 3 4 5 6 7 s 

A O O O O O O 
B O O O O O O 
X 0 O O O O O 
E O O O O O O 

Resonance can be observed as a sudden loss or drop in 
torque at certain speeds, Which can result in missed steps or 
loss of synchronism, and creates undesired noise and motor 
vibration. Resonance generally occurs When the input step 
pulse rate coincides With the natural frequency of a stepper 
motor, or multiples thereof. Often, there is a resonance area 
around the 100—200 pulse per second region and also, a 
resonance area toWard the maximum stepping rate of the 
motor. 

20 

The natural frequency, FO (Hz), of a stepper motor is 
determined by the rotor and load inertia, J T=J R+J L (Kgmz), 
holding torque, TH (Nm) (With the selected driving mode 
and current levels), and number of full-steps per revolution 
(n). 

25 

If the motor damping is loW, there is a clear risk of losing 
steps or generating noise When the motor is operated at or 
near the natural frequency. Depending on motor type, total 
inertia, and damping, this problem can also appear at or 
close to integer multiples and fractions of F0, e. g., FO/4, FO/3, 
FO/Z, 2FO, 3F0, 4FO etc. Normally, the frequencies closest to 
F0 create the most problems. 
When a non-microstepping driver is used, the main cause 

of these resonances is that the stator ?ux is moved in a 
discontinuous increment of 90 (full-step mode) or 45 (half 
step mode) electrical degrees at a time. This movement 
exerts a pulsing torque on the rotor, Which excites the 
resonance. The energy transferred to the rotor, When a single 
step is taken, is in the Worst case (no load friction), equal to: 

(2) 45 

Wherein TH and n are as above and fe is the electrical step 
angle, i.e., 90° for a full-step, 45° for a half-step. This 
equation shoWs that using half-steps instead of full-steps 
reduces the excitation energy to approximately 29% of the 
full-step energy. Furthermore, if the motor is microstepped 
using 1/32 steps, only 0.1% of the full-step energy is used. 
From the foregoing, it Will be apparent that there is a 

direct correlation between rotor torque discontinuities and 
resonance. Ideally, if a motor could be driven so as to 
produce a constant motor torque, there Would be no reso 
nance. In theory, it Would be possible to provide a constant 
rotor torque in a tWo-phase stepper motor if the Waveforms 
of the currents in the motor Windings Were tWo sinusoids, 
90° out of phase (actual stepper motors approach, but do not 
produce this ideal result). A common Way to produce Wind 
ing currents that approach these ideal sinusoidal Waveforms 
is to use microstepping, Wherein the currents supplied to the 
motor Windings are stepped in small increments to produce 
a pseudo-sinusoidal current Waveform. 
An inherent drawback to microstepping is that it generally 

requires relatively complex control circuitry to implement. 
In a typical microstepping driver, a dedicated logic circuit, 
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e.g., a microprocessor, microcontroller, ASIC, or DSP, is 
used to provide control signals to a driver circuit, Which 
provides current to the Windings (i.e., phases) of the stepper 
motor in accord With a predetermined sequence. The current 
command control signals are generally in the form of a 
voltage level or a pulse-Width modulated signal. A common 
Way to implement the simulated sinusoidal Waveform dis 
cussed above is for the microprocessor to provide a digital 
signal to a digital-to-analog converter (DAC) at ?xed time 
intervals corresponding to the stepping rate of the motor. For 
example, if it is desired to step a motor at 200 (full) 
steps/sec, and the microstepping level is 1/32 of a step, then 
the microprocessor Would have to provide an updated cur 
rent command signal at a rate of 32*200=6400 times per 
second (every 156 Thus, if it is desired to use the 
microprocessor for carrying out another task simultaneously, 
the other task Would have to be interrupted 6400 times a 
second to service the motor control requirements. This 
problem becomes Worse because it is usually desirable to 
drive a motor at a variety of different speeds, each of Which 
correspond to a different update rate. As a result, the sharing 
of the microprocessor for other tasks is often impractical, 
and may be impossible if the other task or tasks have their 
oWn timing requirements that cannot readily be interrupted 
in this manner. 

Another method for minimizing the effect of resonance is 
to drive a stepper motor With a trapezoidal signal. As 
discussed above, resonance and noise is primarily caused by 
discontinuities (i.e., step changes) in the current levels 
flowing through the motor Windings, Which cause the rotor 
to “jerk” as it is stepped. Since a trapezoidal signal is 
stepless, it contains no discontinuities, and therefore greatly 
reduces resonance and noise problems. 
As With microstepping, motor controllers that implement 

trapezoidal drive schemes are often complex, requiring the 
use of dedicated circuitry and typically requiring substantial 
processing overhead to obtain the desired trapezoidal drive 
current Waveforms. It Would therefore be desirable to pro 
vide a trapezoidal drive scheme that requires a substantially 
reduced processor Workload, While minimizing the effects of 
resonance and noise. 

SUMMARY OF THE INVENTION 

In accord With the present invention, a stepper motor 
controller and method is provided that addresses the fore 
going limitations of the prior art, With emphasis on reducing 
the audible noise that is caused by resonance. The invention 
provides a stepper motor controller that operates under a 
plurality of control modes, including a control mode that 
generates phased trapezoidal Winding current Waveforms 
With precise rise and fall times, With greatly reduced pro 
cessor overhead. The phased trapezoidal Waveforms are 
timed relative to a stepper motor’s phase sequence such that 
substantially zero current is produced When the motor Wind 
ings are sWitched betWeen energized and de-energized 
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states, resulting in a smooth rotor rotation With minimal 
audible noise and resonance. 

According to a ?rst aspect of the invention, a stepper 
motor controller is provided for controlling the motion of a 
stepper motor by selectively energiZing the motor’s Wind 
ings so that the current level in the Windings matches a 
desired predetermined pro?le. The controller comprises a 
master logic device, preferably a microprocessor or 
microcontroller, Which is programmed With logic for gen 
erating control signals corresponding to the phase sequence 
With Which the stepper motor is energiZed, and the desired 
current pro?le. A portion of the control signals are received 
by a slaved logic device, Which is programmed With logic 
for generating ramp command signals corresponding to the 
desired current pro?le. The slaved logic device produces a 
ramp command signal that is received by a digital 
potentiometer, Which preferably includes an up/doWn 
counter, so that the position of the digital potentiometer’s 
Wiper corresponds to a current count value that is controlled 
by the ramp command signals. By programming the digital 
potentiometer With the ramp command signals, a current 
command signal is produced corresponding to the desired 
current pro?le and having a range betWeen loW and high 
reference voltages supplied to respective terminals on the 
digital potentiometer. This current command signal is then 
provided to a stepper motor drive circuit, Which controls the 
current levels in the stepper motor Windings so that they 
correspond to the desired current pro?le and the Windings 
are energiZed according to the stepper motor’s phase 
sequence. 

According to a second aspect of the invention, the desired 
current pro?le comprises a trapeZoidal Waveform having a 
positive and negative portion separated by a substantially 
Zero current crossover point. A timing relationship betWeen 
the trapeZoidal current command signal and the motor phase 
sequence is de?ned such that changes in the motor phase 
command signals occur at points coincident to a current 
crossover point. As a result, the current in the selectively 
energiZed Windings is substantially Zero immediately after 
the Windings are sWitched betWeen energiZed and 
de-energiZed states. 

According to another aspect of the invention, the stepper 
motor drive circuit comprises a chopper drive that provides 
a modulated current control signal to control the current 
level in the motor Windings. Preferably, the chopper drive 
comprises a peak-limited, constant off-time modulator cir 
cuit that modulates the current control signal based on the 
current command signal and a Winding current sense feed 
back signal such that if the Winding current eXceeds the 
commanded current, the current to the Winding is sWitched 
off for a predetermined time interval. 

According to yet another aspect of the present invention, 
the slaved logic device, Which preferably comprises a ?eld 
programmable gate array, is programmed With logic for 
implementing a plurality of states corresponding to respec 
tive portions of the trapeZoidal Waveform, collectively 
de?ned by a state diagram. As the state diagram is traversed, 
ramp command signals are generated to program the digital 
potentiometer so that a portion of the trapeZoidal Waveform 
corresponding to a current state is produced. For instance, if 
the current state corresponds to an upWardly-ramped portion 
of the trapeZoidal Waveform, the ramp command signals 
comprise an up signal and a pulse train that cause the digital 
potentiometer’s output voltage to ramp from a minimum loW 
reference value to a maXimum high reference value, thereby 
producing a trapeZoidal current command signal comprising 
a voltage folloWing the upWardly-ramped portion of that 
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6 
signal. Further, the slaved logic device is programmed With 
logic for determining When the ramped position is reached, 
Whereupon the present state is caused to advance to a neW 
state corresponding to the neXt portion of the trapeZoidal 
Waveform. By implementing this scheme, the only eXternal 
signals needed to advance through the states, and thereby 
produce ramp command signals corresponding to the desired 
trapeZoidal Waveform, are the motor phase command signals 
provided by the master logic device. 

According to still another aspect of the invention, the 
stepper motor controller further comprises a programmable 
voltage source that is programmed by the master logic 
device to control the voltage reference supplied to the digital 
potentiometer. The programmable voltage source, Which 
preferably comprises a DAC, enables a stepper motor to be 
stepped using either a quarter-step pseudo-sinusoidal drive 
mode, or a half-step pseudo-sinusoidal drive mode, Wherein 
a pair of motor Windings are simultaneously energiZed using 
phased current command signals. The half-step and quarter 
step pseudo-sinusoidal drive modes are enabled by novel 
current command signal Waveforms comprising a Zero cur 
rent portion, a ?rst portion, and a maXimum current portion. 
Preferably, the current command signal Waveforms further 
comprise sloped portions connected betWeen Zero current 
portions and adjacent ?rst step portions such that the current 
in the motor Windings When sWitching from or to a Zero 
current condition is substantially Zero. In addition, a loW 
pass ?lter preferably is used to ?lter the output signal 
produced by the DAC such that the current command signal 
Waveforms resemble a sequence of scalloped half-sinusoids 
connected by Zero current portions. 

In accord With a still further aspect of the present 
invention, a method is de?ned for controlling a stepper 
motor using the stepper motor controller, generally in the 
manner discussed above. 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

The foregoing aspects and many of the attendant advan 
tages of this invention Will become more readily appreciated 
as the same becomes better understood by reference to the 
folloWing detailed description, When taken in conjunction 
With the accompanying draWings, Wherein: 

FIG. 1 is a simpli?ed schematic diagram of magnetic 
circuits employed in a bipolar stepper motor; 

FIGS. 2A and 2B are simpli?ed schematic diagrams 
respectively illustrating primary components of unipolar and 
bipolar stepper motors; 

FIGS. 3A and 3B are schematic representations of the 
drive circuitry in unipolar and bipolar stepper motors; 

FIG. 4 is a schematic block diagram of a cassette-type 
infusion pump that includes a stepper motor, illustrating an 
exemplary application of the present invention; 

FIG. 5 is a schematic block diagram of an embodiment of 
the stepper motor controller of the present invention; 

FIGS. 6A and 6B respectively shoW simpli?ed and 
detailed circuit diagrams of the digital potentiometer 
employed by an embodiment of the present invention in 
generating a ramped current reference signal; 

FIG. 7 is a state diagram corresponding to a trapeZoidal 
drive scheme of the present invention; 

FIG. 8 is a state table corresponding to the state diagram 
of FIG. 7; 

FIG. 9 is a timing diagram corresponding to a trapeZoidal 
drive scheme in Which the drive signal applied to a stepper 
motor is stepped continuously at a rate of 2 ms/step; 
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FIG. 10 is a table comprising logical equations for deter 
mining the output values corresponding to the state diagram 
of FIG. 7; 

FIG. 11 is a timing diagram corresponding to a full 
stepping drive mode comprising a trapeZoidal drive portion 
and a rest portion for each step; 

FIG. 12 is a circuit diagram corresponding to a peak 
limited, constant-time off modulator used in a preferred 
embodiment of the present invention to control Winding 
current levels; 

FIG. 13 is a timing diagram corresponding to a one-half 
step Wave drive mode at a rate of 4 ms/step; 

FIG. 14 is a timing diagram corresponding to a one-fourth 
step Wave drive mode at a rate of 8 ms/step; 

FIG. 15 is an X-Y plot produced during experimental 
testing of the present invention that illustrates the current 
motor phases A vs. B When operating the stepper motor 
controller in the trapeZoidal drive mode; and 

FIG. 16 is an Y-T plot produced during experimental 
testing of the present invention that illustrates the input 
control signals and output current levels produced When 
operating the stepper motor controller in the trapeZoidal 
drive mode. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The present invention provides a novel digital current 
ramping source that produces a trapeZoidal drive signal used 
to control current levels in a stepper motor Winding so that 
noise and resonance effects are minimiZed, and so that the 
digital current ramping source requires minimal micropro 
cessor input or overhead. The invention is described beloW 
With reference to a medical application in Which it is used 
With a cassette infusion pump. It Will be recogniZed by those 
skilled in the art that the digital current ramping source in 
accord With the present invention is not limited in applica 
tion to the speci?c uses described herein, but instead, may be 
applied to a stepper motor in almost any application. 

The cassette infusion pump discussed beloW is used for 
infusing medicinal ?uid into a patient’s body at very precise 
?oW rates. The primary ?uid delivery components of this 
system are shoWn in FIG. 4. In practice, the cassette infusion 
pump system employs a multi-channel pump cassette. 
HoWever, for illustrative purposes, only a single channel 
pump cassette is shoWn in the Figure and described beloW. 
Further details of the cassette infusion pump are disclosed in 
a co-pending commonly assigned application, Ser. No. 
09/464,812, ?led Dec. 17, 1999, entitled “Compensation for 
Pressure Differences across Valves in Cassette Type IV 
Pump,” the disclosure and draWings of Which are hereby 
speci?cally incorporated herein by reference. 

The process that the cassette infusion pump uses in 
delivering medicinal ?uid to a patient is as folloWs. With 
reference to FIG. 4, a source 12 of medicinal ?uid is coupled 
in ?uid communication With a proximal end 16 of a cassette 
15. The ?oW of medicinal ?uid into the cassette is selectively 
controlled by a supply valve 20. After entering a passage in 
the cassette, the medicinal ?uid ?oWs through an air sensor 
22 and into a mixing chamber 26. The purpose of the air 
sensor is to detect air bubbles that may be entrained in the 
medicinal ?uid before the ?uid is passed on into the pump 
ing chamber and enters the patient’s vascular system, since 
excess air bubbles entering a patient’s bloodstream can 
cause an air embolism With potentially harmful conse 
quences. Aproximal (or inlet) pressure sensor 24 is disposed 
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8 
adjacent to mixing chamber 26. The medicinal ?uid exits the 
mixing chamber through an inlet valve 28, When the inlet 
valve is in its open position, and ?oWs into a pumping 
chamber 30. 

One side of chamber 30 is covered With an elastomeric 
membrane 31. Medicinal ?uid is forced from pumping 
chamber 30 (When the inlet valve 28 is closed, and an outlet 
valve 32 is opened), as a plunger 42 acts on the elastomeric 
membrane, forcing the elastomeric membrane into the 
chamber to displace the ?uid contained therein. This plunger 
action is facilitated by moving a linear drive mechanism, 
e.g., a lead screW or ball screW (not shoWn), With a 36° 
stepper motor 43. In one embodiment of the cassette pump, 
the plunger position is variable from —489 steps to +220 
steps, Where a home position is nominally de?ned to be at 
0 steps. A nominal stroke distance for plunger 42 to deliver 
333 pl of ?uid is +169 steps. 
When outlet valve 32 is in its open position, the medicinal 

?uid forced from the chamber ?oWs past a distal pressure 
sensor 34, through a distal air sensor 36, and exits the 
cassette through a tube set, through Which it is conveyed to 
a patient 40. The infusion pump also includes a control unit 
17 for the stepper motor. Control unit 17 preferably includes 
a microprocessor and a memory (not separately shoWn in 
FIG. 4), Which enable execution of a control algorithm for 
controlling the operation of the infusion pump to deliver the 
medicinal ?uid as desired. The microprocessor controls the 
stepper motors to vary the plunger and valve positions, 
thereby enabling the plunger to force a desired amount of 
?uid from pumping chamber 30 at a desired rate. In addition, 
the microprocessor is responsible for controlling the overall 
operation of the infusion pump, including responding to user 
input and controlling a liquid crystal display (not shoWn). 

In FIG. 4, plunger 42 is shoWn in a home position (at the 
0 step position). This position corresponds to the initiation of 
a pump cycle. Note that plunger 42 is in contact With the 
elastomeric membrane of pumping chamber 30, causing a 
slight de?ection of the membrane. At the beginning of a 
pump cycle, outlet valve 32 is closed, inlet valve 28 is open, 
supply valve 20 is in the open position, and pumping 
chamber 30 is ?lled With the appropriate amount of medici 
nal ?uid. 
The use of a stepper motor enables the infusion pump to 

provide a Wide range of delivery rates, making the device 
especially Well suited for use in administering ?uids to 
pediatric patients at extremely loW medicinal ?uid delivery 
rates. For example, the cassette infusion pump can supply a 
controlled rate of medicinal ?uid at rates as loW as 100 pal/hr. 
This rate is achieved by stepping the stepper motor once 
approximately every 70 seconds, so that each step delivers 
2 pl of medicinal ?uid to the patient. 
The heart of the invention is the control unit for the 

stepper motor. In the folloWing discussion, the control unit 
is described With reference only to its circuit elements that 
are employed to control the plunger stepper motor. Although 
not shoWn, in a preferred form, the control unit also includes 
circuit elements for controlling stepper motors 29 and 33 
(FIG. 4), Which respectively control the position of inlet 
valve 28 and outlet valve 32. Most of the control circuitry is 
multiplexed betWeen the three motors, only the drive tran 
sistors are unique for each motor. 
As shoWn in FIG. 5, the control unit includes a central 

processor unit (CPU) 100, Which is a Motorola Corporation 
Model 68302 microprocessor in a preferred embodiment. 
The CPU is the master device for the control unit such that 
control of the stepper motor is entirely dependent on control 
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signals issued by the CPU to other slaved components in the 
circuit. For instance, the CPU provides control signals to a 
tWo-channel state machine 102 and a tWo-channel DAC 103, 
Which each provide a predetermined output based on the 
control signals they receive as inputs. The tWo-channel 
output signals for the state machine (corresponding to ramp 
command signals) and the tWo channel voltage output from 
the DAC are fed into a respective channels of a tWo-channel 
digital potentiometer 104, Which produces current reference 
command signals for controlling the current level in the 
motor Windings based on these inputs. The tWo current 
reference command signals are buffered by a pair of opera 
tional ampli?ers (op amps) 105 of Which only one is shoWn. 
The output signal from each op amp is received by a 
different channel of a tWo-channel peak-limited constant 
off-time modulator 106. Each channel of the peak-limited 
constant off-time modulator provides a peak-limited con 
stant off-time modulated control signal that is used in 
energiZing a respective Winding in the stepper motor. Con 
trol signals from the state machine and the constant off-time 
modulator are received as inputs to a motor decode logic 
circuit 108, Which produces output signals to control a 
plurality of unipolar drive transistors 110 connected to a 
unipolar stepper motor 111, substantially as shoWn in FIG. 
3A and as described above. A current sense circuit 112 is 
employed for each channel to provide a feedback signal 
comprising a sensed current level in a corresponding Wind 
ing for controlling the current levels in the motor Windings. 
In addition, a tWo-channel analog-to-digital converter 114 is 
used for testing the current reference command signal pro 
duced by the tWo-channel digital potentiometer to ensure its 
accuracy. 

The digital potentiometers are controlled by the state 
machine output so that the current reference command 
signal has a trapeZoidal Waveform, With the amplitude of the 
Waveform being controlled by the output of the tWo-channel 
DAC. For illustrative purposes, the folloWing discussion 
concerns the operation of only a single channel of the control 
unit. It Will be understood that the same principles are 
applied to a second identical channel When the stepper motor 
is being operated. It should also be noted that although a 
digital potentiometer does not possess a mechanical Wiper, 
it is common practice in the art to refer to a “Wiper” in the 
digital potentiometer and to refer to the “position of the 
Wiper” therein as determining an output voltage from the 
digital potentiometer, in a manner analogous to a conven 
tional mechanical potentiometer. 

The CPU provides an 8-bit digital input to DAC 103, 
Which produces an analog output that is ?ltered by a 
loW-pass ?lter 116, producing a signal that is buffered by an 
op amp 118. This signal is provided as a reference voltage 
to a “high reference voltage terminal” on the digital poten 
tiometer. The digital potentiometer produces a signal on its 
Wiper terminal having a voltage level corresponding to its 
Wiper position, Which varies betWeen a loW reference volt 
age (preferably a common ground to Which the digital 
potentiometer’s “loW reference voltage terminal” is 
connected) and the DAC reference voltage, depending upon 
the position of the Wiper relative to its minimum and 
maXimum position, Which respectively correspond to the 
loW and high reference voltages. The digital potentiometer 
used in a preferred embodiment is a Xicor Corporation, 
Model X9313 digitally-controlled potentiometer (EEPOT). 

With reference to FIGS. 6A and 6B, the digital potenti 
ometer has three control inputs, including an up-doWn pin 
120, an increment pin 122, and a device select pin 124. The 
digital potentiometer provides an internal 5-bit up-doWn 
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counter 126, Which provides input to a one of thirty tWo 
decoder 128 that controls operation of a plurality of transfer 
gates 130. The transfer gates are connected across a resistor 
array comprising a plurality of resistors 132. The up-doWn 
counter also transfers data to and receives data from a 5-bit 
non-volatile memory 134, Which is controlled by a store and 
recall control circuit 136. The digital potentiometer pro 
duces an output voltage at a RW/VW Wiper terminal 138. By 
providing control signals to the digital potentiometer, the 
output voltage can be digitally ramped betWeen a loW 
reference voltage on a RL/VL pin 140, preferably Zero volts 
(i.e., ground), and the reference voltage output by the DAC, 
Which is connected to a RH/VH pin 142. This step is 
accomplished by providing an up or doWn control signal and 
providing a pulse train to the increment pin, Which causes 
the Wiper to move in 1/32 increments of its full scale voltage 
(R H/VH—RL/VL) depending on the direction indicated by the 
logic level on the up-doWn pin. 
The ramping of the output of the digital potentiometer is 

controlled by the state machine, based on input signals 
received from the CPU. The state machine controls the 
ramping so as to produce a trapeZoidal current reference 
command signal by stepping through the state diagram 
shoWn in FIG. 7, Which corresponds to the state table shoWn 
in FIG. 8. The state machine used in a preferred embodiment 
is a ?eld-programmable gate array (FPGA), Which is pro 
grammed to sequence through the state diagram based on 
input signals X1, X2, and X3, as shoWn in the “INPUTS” 
column of FIG. 8. 

The state machine provides four outputs, Z1, Z2, Z3, and 
Z4 (as shoWn in the “OUTPUTS” column of FIG. 8), based 
on the present state in the state diagram. These outputs are 
used to control sWitching of the stepper motor drive tran 
sistors and to control the output voltages produced by the 
digital potentiometers, Wherein Z1 corresponds to a motor 
select output signal MSELiOUT, Z2 corresponds to a motor 
phase output signal MiPHAiOUT, Z3 corresponds to an 
enable digital potentiometer and initiate ramp count signal 
CSRMPA, and Z4.corresponds to a digital potentiometer 
up/doWn input signal RMPU/D. 

The state machine receives control input signals X1 and 
X2 from the CPU. X1 and X2 respectively correspond to a 
motor select input signal MiSELiIN and a motor phase 
input signal MiPHAiIN, Where these signals have the 
Waveforms shoWn in the upper portion of the timing diagram 
of FIG. 9. In addition to signals X1, and X2, a third input 
signal, X3, is internally generated by the state machine, such 
that this signal is sWitched from loW-to-high upon comple 
tion of a ramping action, the details of Which are discussed 
beloW. 

The timing diagram in FIG. 9 corresponds to a drive mode 
in Which the plunger stepper motor is steWed at a rate of 2 
ms/step, using a 1 millisecond ramping, Wherein each ver 
tical timing mark represents a 2 ms time increment. (Please 
note that the actual time preferred time period is 1.56 ms—1 
ms is used beloW for clarity). In this particular drive mode, 
the value of MiSELiIN is alWays 1, While the motor 
phases A and B are 90° out of phase. In the folloWing 
discussion, reference Will primarily be made to the portion 
of the timing diagram that concerns the A-phase drive 
signals, Which are processed by one of the tWo channels in 
the state machine. The processing of the signals correspond 
ing to the B-phase of the motor is performed by an identical 
second channel of the control unit. 

The output signals produced by the state machine and 
digital potentiometers are shoWn in the loWer portion of the 














